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A WEDGE TEST FOR QUANTIFYINS FULLY PLASTIC FRACTURE

Frank A, McCiintock and Sarah J.

wineman
Professor and 6raduate Student. Department of Mechanical Engineering,

Rm, 1-304, Massachusetts Institute of Technologv, Cambridge, MA

Abstract

A test using two wedges splitting a smail. doubly grooved specimen

allows measurement ot stable, fuliv plastic crack 1nitiation and growth

under variable amounts o+ triaxialitv. In wedge tests, 25am cubes of 1018

not rolled steel 1n three different orientations exceeded the limit load

oredicted bv plastic slip-line frields. The tests gave crack tip

inttiation disolacements of ©0.7-u,.8am, regardless of orientation. Since

microscopic examination of the tracture surtaces i1ndicated that the wedges

suppress blunting, the presence of non-zero i1nitiation displacements

suggests that a tracture process zone ot finite thickness amust be

estaglished betore cracx growtnh. During growth, a specimen with rolling

qirection normal to the crack plane had a crack growth ductility tminimunm

displacement per unit iigament reduction) of ©.006-0.009. compared to
Juctilities o+ V.ule-0.027 for specimens with rolling direction parailel

tc the crack front or paraliel to the growth direction. The lower

ductiiity witn tne crack normal to the roiling direction apoears to be due

0 3 smootner fracture SUrtace witnout 11QIlagQing bDetween 1nclusion

strirngers.

Introduction and Proposed iest

1t

02139

[+ cracking occurs 1n a structure.
ti1gament be fullv piastic aguring rtracture,
snarinag witn other parts or the structure,
getlections that

Orawbacks ot existing plastic

1ncrease the zhance of aetecting i1moenaing

tracture

15 gesirabie that the remaining
to provide stabilitv by loaa-
anag to provide iarge

ailure.

Thev tend to be

tests. a)

unstable re.g. Ciausing [370). b

centimeters iong. c) They
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They tend to require specimens severalj

involve appreciable crack-tip blunting.
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d) There is no simple wav to vary triaxiality while keeping approximately the
same test configuration.

1A short rod fracture test developed by Barker (1977,9) 1s
surtapie for small specimens, but onlv 1+ they are predominantly elastic.
with K of interest.)

Ic
Features ot the wedge splitting test. C(onsisting ot two knite-like

wedges splitting a ooupnlv grooved cubic specimen (Fig. la), the wedge test
has the following teatures that overcome some of the above drawbacks.

{1y Stability. Low specimsen and apparatus compliances make stable
crack i1nitiation and growth possible.

2} Small specimen size. The size 1s limited only by homogeneity of

the material ano the amount of displacement required for crack initiation.

5» bBlunting suppression. During 1nitiation, the wedges suppress

olunting 1and theretore help to provide crack-tip triaxiality), as shown
ov the experiments and the foilowing slip-line arguesent. According to the
tullv plastic disolacement ti1elds that occur at various stages, and are
discussed below, untal crack 1nitration the ligament contracts by no mare

than tne groove halr-opening. The wedge advance 1s the groove half-

opening divided bv the tangent of the wedge half-angle. Thus for halt-
angies less than 45°%, the wedge continually advances i1nto the material 1in
tne remaining ii1gament, suppressing blunting.

4 variable triaxiality anc strain distribution. Triaxi1ality can

be wvaried rrom test to test bv varving the wedge angle. For especiaily
f low triasialrty., the test ailows splitting two singiv grooved specisens ;
that nave been placed back to back (Fig. lb; ror anaivsis, see Hi1ll [953). N ;

As we shall see below, a complication does arise from the 1ncreasing

triaxiality with i1ncresing length ot wedge-specimen contact.

The strain distributions arouno the crack tip can be varied by using
unequal or tilted wedge angies (Figs. lc,d). Tilted wedge anglies could be
used to mogel a cutting-ott+ operation.

fhese +eatures suaggest that the wedge splitting test can give further

insi1ght 1nto tully plastic +racture, especially for small specimens cut

Y
i
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trom weids, anisotropic piate, or i1rradiated material.

Sitéiculties associrated with small size. Analyzing the test 1s made
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more difficult by small size. Recall that physicaily, ductile fracture
from a pre-existing crack i1nvolves first blunting of the crack tip, until
the coabination ot strain and stress extends over a large enough region to
nucleate holes and to grow them enough to coalesce i1nto a macrocrack. The
crack tip profile then sharpens abruptly as the crack begins to grow.
That 1s. the relative displacement acrosc the net section per unit crack
growth 1s small compared to umitv. At the same time, the reg:ons of
highest strain lie above and below the plane of the crack. This promotes
roughening of the crack surfaces because parts of the crack momentarily
run up or down. The advance ot the crack 1s i1rregular by a corresponding
amount. In general, there 1s li1ttle evidence that holes nucleate mare
than one hole spacing ahead of tne main crack.) The extent of this
lateral roughening and 1rreqular +ront constitutes a fracture process zone
which 1s not treated bv ordinary continuum mechanics, and which 18
relatively pronounced 1n small specimens. R
The strain for hole growth depends exponentially on the triaxiality
iMcClintock, (968). High triaxiality occurs: a) if the plastic zone 1s
contained within an elastic zone, b) 1t there 1s sufficient strain
hardening faor a Hutchinson «19e8) and Fice and Rosengren (1968) (HRR)
sinqularity, or c¢) 1f a fully plastic specimen 15 subject to bending oar
to tension across svametrical edge grooves. In a region ot the order of
tne nole scacing, the resulting nigh triaxiality limits the strain to
rracture to a few percent. w~veragea over tne fracture process zone, the
strain 1s even iess. [t 15 reauced stiil more when iocalization of +low
gccurs betore the holes would join under homogeneous plasticitv, Thus a
specimen mav hardlv reach full plasticity uniess 1t 1s verv small, in
which case there may not be room +t+or the nRR sinquliaritv to ceveloap
between the boundaries of the part and the tracture process 2one, which

reguires strains of oniv a rew percent.

n turther compiication 1n small specimens 1s that during i1nitiation _j%
and early crack growth. tne combination ot Strain ang triaxiality in the :}
remain:ing ligament mav 1nitiate tracture there. [+ so, the concept o+ -;A
growth ot the crack from the oriqginal tip no longer appiies. '!

Lharacter:izing rracture. 1In large enough specimens, fracture can pe
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characterized by the strength KI = klc of the linear elastic stress
sinqgularity that dominates 1n a region large compared to the fracture
process zone and small compared to the crack length or distance to the
next nearest boundary. The crack 1s almost 1mmeediately unstable. In
smaller specimens, there may De a similar region dominated by the
noniinear eiastic HRR singularity. Initiation can then be defined 1n
teres of a critical value ot J . As noted above, this dominance 1s
unlikely for the smail strains required to i1nitiate fracture by hole
growth under high triaxiality, and the relatively flat 1nitial stress-
strain curve :see, for example, Shih [985, McMeeking and Parks 1979, Shih
and German 1981). For crack growth, the sinqularity should be one of the
new ones developed for di-linear, tlaw theory, elastic-plastic material
\Slepvan 1973,4, Ponte-Casta:eaa 1985). Here again the question arises as
to whether the singularity dominates i1n a region at least somewhat larger
than the fracture process zone. Finally, there may be so Jittle strain
gradient across the remaining ligament that the plastic flow might be
described by nan-nardening salutions (such as those reviewed by
McClintock 1971+, Whiie non-nardening solutions may give good
approximations to the stress fi1eld, and tolerable approximations to the
dispiacements., thev otten 1naicate discontinuities i1n displacement
increments, and hence 1n strain rates, that would be diffused bv even an
tneinitesimal amount o* strain hardening.

in conciusion, there 1s no precise way 0f characterizing the stress
and strain ti1elads rar fracture 1n wedge tests. Here. as a reasonable
compromise, we describe the results 1n terms ot solutions ¢or non-

hardening plasticity .

specimens and Apparatus

Figure I shows the test specimen anog wedge spiitting apparatus.
Cubic specimens of (018 hot-roileo steel eauivalent Brinell hardness 10&
kg/mm; HB) were proportiones using upper-bound limit analysis to avoid
shearing offt tne specimen snhoulders. The 22.2Zmm cubes had 45° grooves

machined 1n two opposing taces, leaving a <.5mm ligament.
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Three specisen orientations were tested. The ASTM designates
orientations by a pair of the three directions in the rolled stock: the
longitudinal L , the long transverse T , and the short tranverse §
{ASTH E399, 1985). Growing tensile cracks are denoted by a pair of
directions. the first direction being the normal to the crack plane and
the second the direction of crack propagation. Orientations for cracks 1in
square bars are denoted as follows.

17 Rolling direction normal to the crack plane, L-T.

"~

) Roiling direction parallel to tne crack growth direction, T-L.

5) FRolling direction parallel to the crack front, T-5.

The apparatus 1s described fraom the specimen outward., Strips of 0.0%a
thick Tetlon tape minipized friction between the specimen and wedges.
Luring the tests, the Tetflon remalned continuous but thinned to 0.03as.

The weages were of o.4mm thick tool steel (614 kg/mn2 HbB equivalent),
l4mm trom tio to pase. Since preliminary tests with wedges of 45° R
included angle were unstable during half of the load drop, 43° wedges were
usea i1n tne tests discussed below.

short, square, steel bases supported the wedges. Safety shoulders on
the pases were to contain the sample 1f there should be a dvnamic
tracture., nd)justable stops mounted between the bases prevented the wedges
+rom gamaging each other.

Detaormation was 1mposed by a S0 metric ton MTS hvdraulic testing
macnine. with a measured machine compllance ot 1,710 “nm/N.  Tne specimen
compliance, measurea with a Z3mm gauge length between points aon the
wedges, was tound on unloading to pe 2.0x10° % masN. The splitting 1149
compliance, found by subtraction of machine and specimen compliances from
the overall compliance found from the MTS stroke control, was b.oxlO_b

mm/N. This system gave stable tests tor the 43° wedges.

Anal.sis ot Wedge Test Slip-Line Fields

Tne plastic slio-itne displacement fi1elos of r1g. o5 give stress
distributions and fimit loads at several points during the loading

historv. Their triaxlaiity i1sav amax/ab 1s nearly that ot the elastic or
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HRR singularities.

For a reference field., consider the slip-line displacement f1eld
derived by Neimark (196B) for a aoubly qrooved bar in tension. This
configuration 15 approximated i1n the wedge test when the wedge angle 1s
sligntly greater than the groove angle, so that contact occurs at the

specimen shouiders (Fig. Ja/. The maximum principal stress across

TN
the li1gament 0T, 15 given 1n terms of the vyield strength 1n shear k and

the i1ncluded wedge angle w . Dy

S IN = k(2 + 0 - w) . (1)

I+ the wedge angle 1s less than the specimen groove angle, 1nitial
contact 15 made at the tip and spreads backward along the tlank, according
to a modification ot the wedge i1ndentation solution by Hill, Lee, and
iupper 1%947: see also Hi1ll, 1985, pp. 215-221). When the region of
contact has spread to Foint A" Fig. 3b), plastic flow occurs all across
the ligament according to the tlow freld ot Hill (Hi1ll 1985, pp. 245-252).

The maximum principal stress, across the ligament 15 attected by

U
the pressure on the flank, T7he e+tfect can be tound using the Hencky

equations of equilibrium along a« angd A slip lines (Hill 1985 p. 133s.
The mean normai stress 6 changes with the counterclockwise rotation dé¢

ct an a« line trom the % ax1s (see Fid. s5ai:

de
de

2 k d¢ along an « line ,

-2 k d¢ along a 8 line . (2)

In terms of the wedge-snecimen contact oressure Py and with no

triction, the mean normali stress at A" 1s L I In terms o+ 1
LT the mean normal stress at U 1s 6., = 6, k . The cnange 1n mean a
normal stress trom «  to 0 15 found bv applying the second Hencky '

equation, along a @ iine, throuagh an anguiar change &@ = -\m/2 - w/2)

(‘lH - k) = (—pw + k) + 2kln/2 - w/21 . (3)

From a palance of x-forces on the right half of the specimen, n“cos w/z =

. L - . F e S M
. . . U e O PRI e T R -~ c . et e PO
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LA Solving for o, 09ives the fara
cos w/2
LT k (2 +n - w) (1 + cos w/2) ° (4)

For displacements, even i1nfinitesimal strain hardening diffuses any
discontinuities, but the general character of the displacesent fields

remains. Therefore, the nan-hardening ¢ields should provide insight for

T YT Y. v. -

fracture 1n the wedge test. The displacements u and v along a« , g
lines., respectively, must satisty the Geiringer eguations of

incompressibility (Hill 1985 p. 136):

du = v d¢ along an a line ,
dv

-u d¢ along a g line . 3)

The strain 1s given i1n terms of radil of curvature R , 5 of the a , #

slip lines. In terms of distances s along the slip limes (Hi1ll 1983 p.

1287,

1/R
1/S

8'/85u ’
-3¢/3s, . (6)
$/9%4

kelative to slip iines, tne detormation 15 oure shear strain obtained trom

the Green equation 11953, see also McClintock 1971 o. {30/:

(7)

For a splitting displacement U across the specimen, the Hill
flow f1eld has a constant displacement relative to the right-hand side of
v = -Us¥2 , giving rigio-podv displacements 1n Regions TA'B" and TC 0.
£Eq. 7 gives a strain singularitv at the tip of the fan B'TC’', where the

ragius S = -r goes to Iero:

Tag = v/S = Usvy2r . L6)

There 15 also a disoiacement giscontinulty (vl = u,vZ along A'B'C 0. Hs

F I i e G iy L V) IR URE SPUK Iy S i 3
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the wedges penetrate, the saterial flows down and to the right through
0C', acquiring a shear strain of 2.

The crack tip opening displacement (CTOD) for the Hill field 1s twice

SR,

rv¥ =

the splitting displacement, as shown 1n Fig. 3b.

i The next known flow field, as the wedge penetrates, corresponds to
the FPrandtl solution (Prandtl 1920, see also Hill (985 pp. 254-255). It

: occurs when there 1s contact troe T to A° (Fig. 3¢). The maximum

; principal stress 1n the ligament tor the Prandtl tield. O,p + 15 tound

rrom an analvsis similar to that for the Hill +1eld:

2 cos w/2

(1 + 2 cos w/2) * 9

Sip = k (2 +nmn - w

The dispiacement field ror wedge contact along TA consists of a
constant displacement v = -U/12¥Z) 1n the rigid regions TAB and OTC. The
shear strain at the tip in the fan BTC 1s correspondingly reduced by a
tactor ot - from that ot Eq. 8 for the Hi1ll field. There 1s in addition
the displacement discontinuity [v}l = U/(2¥2) along TC.

fgain, tne Frandtl field holds onlv for a moment, here when contact
extends trom T to A. At some later time the material will draw away froe
the wedge excepot at the very tip, and the Neimark ti1eld will be

appros<imated. ihe Neimark field consists of displacements along BT that

increase linearly from < to U/¥Z . Within the central constant-state
regicn aoraering 0T, the strain ts uriform at U/# ., where R 15 the K

carrent 1:gament. From Fia. 3a. the CT0D tor the Neimark fieid 15 twice

the solitting aisplacement, as 1t was tor the Hill +1eld.

i

Choosing a 45° total wedqge angle would promote loading awav from the

root ot the groove and tend to give the Neimark slio-line ftield

immediately. In the experiments, a total wedge angle of 43°, less than
the 45° groove angle ot the specimen. was required ror stabilitv. It
promotea loading near the root ot the groove, giving first the Hill, then
thne Prandtl., and +inaily the Neimark slip-line fields as the contact moved

outward.
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Interpretation of Data

For comparison with tensile data. the reported loads are the
splitting loads, tnormal to the ligament), found under the assumption ot
negligible friction bv dividing the measured wedge loads by the tangent ot
the wedge halt-angle. Similarly, the splitting disolacements are the
relative wedge displacements times the tangent of the wedge half-angie.

Figure 4 shows a tvpical loading curve for the T-5 orientation
trolling direction parailel to the crack front). The loads are normalized

with respect to the original Neimark limit load based on the

FNO )
specimen breadth b , the original ligament ﬂo . and the vield strength
¥3 k = HBs3 t1n consistent units). The splitting displaceaments are
normalized with respect to the original iligament ’0

Lhoice ot a measure of i1nitiation displacement U1 , comparable to
tne crack tip opening displacement, 1s rather arbitrarv. Initially i1n the
loading curve of Fig. 4, the displacement 15 due to cospression of the
Tefion tape. Elastic-plastic and flank deformation displacements occur
until the Hi1ll f1eld 1s reacnhed at .43 of the Neimark limit loaa. The
subseauent slope of tne loading curve 1s still amuch less than the elastic
one, apparentlv due to the changing +tlow fields. As a compromise, take
the point of zero plastic displacement to be that +ound bv extrapolating
the maximum s:cpe Of the loading curve backward trom the point or
irr.22tion to zero joad.

The point of crack 1nitiation 15 that at which a crack be2gins to run

anead ot the wedges. In a fully plastic, non-hardening materlal this

would be 1ndicated by a drop 1n stress based on -he drop 1n splitting foad 1

# . the current wedge tip separatian R” - Jstantws2) . and the specimen |
breadth b : -
P o
s = . (10)
b[ﬁo - U/tan(w/2)1

such true stresses are 1noicated by the sloping lines 1n Fiag. 4,

where tnev nNave peen normaiized with respect to GNU ., the maximum

orincipal stress ot the Neimark tield based on the original ligament. In
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a strain hardening materi1al, the true stresses would te rising. Crack
initiation would at first onlv siow down that rise. and the point of
maximue stress would be after crack initiation. Nonetheless, for
definiteness and consistency with the use of non-hardening stress fields,
take crack initiation to occur at the point where the stress & 0of £qg.
10, shown i1n normalized form bv the slooing lines of Fig. 4, 15 a maximunm,
The crack growth ductility Dq can be defined as the minisunm
splitting displacement dU inormal to the crack plane: per unit ligament
reduction df# (Kardomateas 1985). The splitting displacement dU arises

trom the applied displacement dUa due to the advancing wedges and the

pp
elastic unloading displacement dUunl .

du = du + du . (11)
app unl
nssuming no strain hardening gives the load drop dF oper unit ligament .
reduction 1n terms ot the Neimark limit load based on the original

ligament:

dP/da = PNO/’O . (12)

The crack growth ductility 1s now found from measurable quantities by

tntroducing Eas. {1 and 123

D = du _ duapg+ dUunl

s} dp ‘0 dF’/PNO

Results and Discussion

Table | lists the results 1n terms of the net section stresses and
splitting displacements at initiation, according to the above criteria,
and also the crack growth ductility,

Lrack initiation. +~s shown by Fig. 4, the load at first rose rather

rapidly 1n the plastic range, as the 43° wedges maoe contact farther ogut

along the flank. The 1ni1tiation stresses ot Table | are above unity,
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suggesting that the full triaxiality of a doubly grooved tensile bar nad
been reached, even aillowing for some strain hardening and frictional
effects.

The 1nitiation displacements were U1 = Y,35-0.42am , corresponding
to C70D = 9.7-0.8am . These initiation displaceaents are cosparable to
the 0.88Bmm crack tip displacements at initiation for single edge-notched
vlow triaxiality) tensile specimens found by Kardomateas (1983) for 1018
normalized steel.

Microscopic examination of the fracture surfaces showed smearing of
the first portion ot the surfaces, occurring over the first 50-60%1 of the
half-li1gament. This initial smearing suggests that the wedge tips
indented the root of the groove before i1nitiation, suppressing biunting,
as expected from the displacement fields.

Since 1ni1tiration displacements are still present in the wedge tests,
there seems to be a need for establishing a fracture process zone of -
tinite thickness or roughness before crack growth, regardless of
triaxialitv. We are indebted to Prof. D.M. Parks for pointing out that a
similar onenomenon occurs 1n splitting wood: even a sharp axe must be
driven a tinite distance into wood before a crack spreaas ahead of 1t.

track growth., The T7-5 and T-L orientations (rolling dlrecixons
parallel to crack front and parallel to growth direction, respectivelyv)
gave qrawth ductilities of DQ = 0.V16-0.0:7 . The duct:ility ot the
singie L-T specimen (rolling direction normal to crack plane) was onlv

Luve-e.ue?, however., This low growth ductility 1s at ti1rst surprising,
because this orientation has the highest 1ni1tiation ductility 1in an
unnotched specimen.

For the notched specimens, these differences 1n crack growth
ductility can be explained by considering the tracture surtaces.
Microscopic examination showed that the T-L and T-5 specimens i1Fig. Sa}
had comparably rough, jagQgea tracture surfaces 21gzagging along and across
inclusion stringers, perhaps due to multiple i1ni1tiation sites and
girections along the wedge tips. The average surfaces seemed to be
convex, corresponding to accelerating crack growth from the wedge tips.

The L-T specimen (Fig Sb) had a much smoother surface, with holes
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perpendicular to the fracture plane. The average ¢racture surface was S-
shaped (see also Hancock and Cowling 1980). It 1s possible that the
absence of inclusions 1n the crack plane allowed the crack to follow a
path governed bv the stress and strain fields, independent of the location
of i1ndividual 1nclusions. Tne matching fracture surfaces of the L-T
specimen also suggest that strain and high triaxial stress in the ligament
Ray have 1nitiated a sinqgle fracture 1n the center of the ligament, which
then propagated outward toward the wedges. Sectioning specimens at
various stages of fracture should be done to resolve this question. The
higher ductilities associated with the T7T-5 and T-L orientations were
probablv caused by rougher crack surfaces associated with z1gzagqing.

Such roughness would be absent in homogeneous materials with low inclusion
densityv, or with long i1nclusions normal to the ligament.

Even the largest of these growth ductilities 1s only one-tenth of the
value of 0.258 found bv Kardomateas (1985) 1n symmetric notched tensile'.
specimens of {0!8 normalized steel. These smaller ductilities for the
wedge test are praobably due to the higher triaxiality.

Microscopic i1nspection of the wedges showed 0.10-0.15am tip
defaormation, even after tests on the relatively soft 1018 steel. Thus
wedge deformation mavy be significant when testing hard materials. In such
cases 1t may be possible to decrease wedae tip deformation by using wedges

made 0f tungsten carbide or cubic boraen nitride,

Conclusions

. The wedge splitting test aliows stable, fully plastic crack
1n1tration and growth 1n small specimens. Triaxiality varies with tne
wedge anqle and the length ot wedge-specimen contact.

Z. Even with blunting suppressed, the crack tip 1nitiation
displacements of U.7-0.8mm suggest that a process zone aof finite thickness
or roughness 1s necessarv oefore crack growth, This displacement
corresponds to a splitting displacement of half as much, and 1s comparable
to that observed i1n SEN specimens of 1Ul3 normali:zed steel.

5. The one specimen of orientation with a rolling direction normal
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to the crack plane (L-T) had a crack growth ductility of 0.006-v.009,
compared with ductilities of 0.u16-0.027 for orientations with rolling
direction parallel to crack growth (T-L) or parallel to the crack front
(T-5). The low growtn ductility for the L-T ortentation 15 associatec
with a smooth tracture surface and 1s attributed to lack of z1gzagging
petween 1nclusion stringers. The difference between these ductilities ana
that of U.258 tor svametric notched tensile specimens of 1018 normalized
steel t1s attributed to tne higher triaxiality in the wedge test.

4. The specimen size can be decreased only to the point where the
inhomogeneous ef+ects of hole nucleation and growth become 1mportant. At
that point, tne above ductility parameters become statistical and size-
dependent.

5. Increasing strain 1n the ligament, as the crack progresses, leads
to an accumuiation ot gamage that would give at best a quasi-steady crack

growtn,
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Wedge Splitting Test Data. (V18 Hot Kolled Steel
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Figure 1, (a) VWedge configuration tested., (b) Low
triaxiality configuration, (c) Unegual wedge angles,
(d) Tilted wedge angles,
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Figure 2, Specimen and apparatus, Dimensions in mm,
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(b)

Figure 5, Schematic of the fracture surface profiles,
(b) L-T orientation,

(a) T-S and T-L orientctions,
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